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Abstract
We model boron and nitrogen doped/codoped monolayer graphene to study its stability, interaction energy, electronic
and thermal properties using density functional theory. It is found that a doped graphene sheet with non-bonded B or
N atoms induces an attractive interaction and thus opens up the bandgap. Consequently, the power factor is enhanced.
Additionally, bonded B or N atoms in doped graphene generate a repulsive interaction leading to a diminished bandgap,
and thus a decreased power factor. We emphasis that enhancement of the power factor is not very sensitive to the
concentration of the boron and nitrogen atoms, but it is more sensitive to the positions of the B or N atoms in ortho,
meta, and para positions of the hexagonal structure of graphene. In the B and N codoped graphene, the non-bonded
dopant atoms have a weak attractive interaction and interaction leading to a small bandgap, while bonded doping atoms
cause a strong attractive interaction and a large bandgap. As a result, the power factor of the graphene with non-bonded
doping atoms is reduced while it is enhanced for graphene with bonded doping atoms.
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1. Introduction
The 2D graphene structure consisting of carbon atoms
arranged in a honeycomb structure with an sp2 hybridiza-
tion has been of interest for future nanotechnology [1],
and it is the most promising material for implementing
the next generation of electronic devices [2]. Fascinating
properties of graphene such as ballistic transport at room
temperature, high mobility, high electronic conductivity,
quantum Hall effect, electrically controllable spin trans-
portand [3, 4], and mechanical strength make graphene
a potential candidate for an enormous breadth of appli-
cations [5, 6] in electronic [7], optical [8, 9, 10, 11], and
thermoelectric [12, 13] devices.
Pristine graphene itself is usually not considered a good
thermoelectric material for application of thermal energy
conversion because it has a small Seebeck coefficient or
power factor, and a high conductivity due to the vanishing
gap, facilitating opposite and canceling contributions of
electrons and holes. This behavior leads to a very weak
thermoelectric figure of merit which in turn produces a
Email address: nzar.r.abdullah@gmail.com (Nzar Rauf
Abdullah)
very limited performance or efficiency of pristine graphene
[14]. Consequently, it affects the application of graphene
based materials for super capacitors, batteries, and fuel
cells.
Scientists have been looking for semiconducting
bandgap behavior in graphene systems which would be
important for thermal devices. It can be obtained by the
means of opening up a bandgap that could lead to effi-
cient devices [15, 16]. An appropriate nanostructuring and
bandgap engineering of graphene can increase the Seebeck
coefficient or the power factor and decrease to an extreme
degree the lattice thermal conductance without dramati-
cally reducing the electronic conductance. Basically, the
opening of a bandgap in graphene is achieved by a symme-
try breaking of the hexagonal structure of graphene [17].
Therefore, several methods have been proposed to break
the high symmetry of monolayer and bilayer graphene,
such as strain [18, 19], magnetic field [20], oxidation [21],
application of a transverse electric field [22, 23], chemical
modification [24, 25], and doping processes [26, 27, 28].
In the doping process of graphene, boron (B) and ni-
trogen (N) atoms have been used because the sizes of
these two atoms are close to the carbon (C) atom [29, 30].
This affects the bonding of the B and N with the carbon
Preprint submitted to Elsevier February 27, 2020
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atoms. Equilibrium molecular dynamics simulations based
on the Green-Kubo method have been utilized to investi-
gate the thermal conductivity and the heat transfer of N-
doped graphene showing that the thermal conductivity of
N-doped graphene is less sensitive to temperature than in
pure graphene [31]. Additionally, it has been shown that
the N atoms at the edge of a triangle doping defect can in-
crease the thermal conductivity of graphene nanoribbons,
but with increasing N-doping concentrations the thermal
conductivity decreases sharply [32]. The site-dependent ef-
fects of a substitutional N or B atom on quantum transport
have been investigated and shown that Coulomb interac-
tion drops the transmission features [33]. Furthermore, the
power factor has been found to be high in various B and N
codoped graphene nanostructures which makes them ap-
propriate for energy conversion [34].
We believe that information on the effects of bonding be-
tween the B and N atoms in doped/codoped graphene on
its electronic and thermal characteristics is still lacking.
We thus theoretically study the electronic and thermal
properties of a substitutionally B and N doped graphene
using a self-consistent field approximation via the Kohn-
Sham density functional theory (KS-DFT). We examine
the effect of bonding and non-bonding of B and N atoms
in doped graphene on its electronic and thermal proper-
ties. In Sec. 2 the structure of graphene nanosheet is briefly
overviewed. In Sec. 3 the main achieved results are ana-
lyzed. In Sec. 4 the conclusions of the results is presented.
2. Model and Computational Details
A 2D graphene nanosheet in the xy-plane with a 2×2×1
super-cell is modeled. First-principles calculations are uti-
lized to study the structural stability, and the electronic
structure of the system. The calculations are carried out
within the framework of a DFT [35] in which the PAW
potentials and the Perdew-Burke-Ernzerhof exchange and
correlation (XC) functionals of the generalized gradient
approximation are used [36]. In the DFT, the wavefunc-
tions and the ground state electronic density of the crys-
tal are calculated by a self-consistent (SCF) procedure
for a coupled set of single-electron equations. The total
energy of the system is calculated using the SCF Kohn-
Sham equations. The DFT calculations with a plane-wave
projector-augmented wave method are implemented in the
Quantum Espresso (QE) package [37]. The plane wave
cut-off energy is assumed to be 1088 eV and the k-mesh
points in the unit cell are selected to be 8×8×1 with Γ cen-
tered k-points. We assume a fully relaxed structure when
the calculated force is less than 10−4 eV/A˚. In addition,
for calculating non self-consistently (NSCF) the density of
states (DOS) we assume a 30× 30× 1 mesh of k-points.
Boltzmann theory is implemented in the BoltzTraP
package [38] and is used for calculating the thermal prop-
erties of the system such as power factor (PF)
PF = S2 × σ. (1)
where S is the Seebeck coefficient and σ is the electrical
conductivity of the system [38].
3. Results
In this section, we present the main results of our
calculations of pristine and doped graphene nanosheets.
We focus on the effects of doping ratio and positions on
the stability, interaction energy, electronic properties, and
thermal properties of the system. It is well known that
graphene has a hexagonal crystal structure as is schemat-
ically illustrated in Fig. 1. The carbon atoms fill up the
three main positions consisting of the ortho-, the meta-
and the para-positions with respect to R that is the refer-
ence point.
R
ortho
meta
para
Figure 1: Schematic diagram presenting the ortho (brown), the meta
(red), and the para (pink) positions of atoms in the honeycomb struc-
ture where R is defined as a reference point.
In the calculations, we manipulate the positions of
doped atoms. We can thus determine the most stable
doped graphene structure and investigate their electronic
and thermal properties. The Fermi level is fixed to be at
the zero energy for all the structures investigated here.
3.1. Boron- or Nitrogen-doped graphene structures
In this section, we assume only B or N atoms are sub-
stitutionally doped in graphene. For this purpose three
concentration ratio of doped atoms are considered which
are 12.5%, 25%, and 37.5%.
Before presenting the effects of B or N doped atoms on
the physical properties of the graphene, we demonstrate
the results for pristine graphene in the leftmost column of
Fig. 2(a). The super-cell consisting of 2×2×1 is shown in
(a1) where the bond length of the C-C atoms is observed
to be 1.42 A˚, and the lattice constant becomes a = 2.46
A˚, these values are in good agreement with the literature
[39]. The electron density distribution is uniform for pris-
tine graphene, with most of the electrons gathered between
the C-C bonds, but rarely appearing in the center of the
hexagons, as it is shown in (a2) [40, 41]. It is an indication
of a strong covalent bond between the carbon atoms. At
this point, the pi electrons are inert and cannot contribute
to the transport properties. To ensure the dynamic stabil-
ity, one may check the phonon dispersion that is shown in
the third row of Fig. 2(a3). The positivity of the phonon
2
dispersion of pure graphene indicates that the structure is
stable [42]. The acoustic modes, for the long waves around
the Γ-points, are isotropic in the xy-plane as is appropriate
for the symmetry of graphene [43].
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Figure 2: First row shows the super-cell of pristine graphene (a1), B-
doped graphene (b1), and N-doped graphene (c1). The bond length
of the C-C atoms of pristine graphene is found to be 1.42 A˚, and
the lattice constant becomes a = 2.46 A˚, and the C-B and C-N
bond length are 1.494 A˚ and 1.405 A˚, respectively. The correspond-
ing electron density distribution, phonon dispersion, and the band
structures are presented in the second, third, and fourth rows. In
the fifth and sixth rows the corresponding density of state and the
power factor for three different values of temperatures, 100 (blue),
300 (green), and 600 K (red) are demonstrated.
In a pristine graphene sheet, where both C atoms in the
unit cell are equivalent, the pi and pi∗ bands are degenerate
at K, leading to a linear crossing of the two bands. The
gap-less behavior of pristine graphene can be seen in the
band structure (a4) where the Fermi level is at zero energy,
and in turn, the corresponding zero value of the DOS is
found in (a5). Furthermore, the power factor of the pris-
tine graphene versus the chemical potential is presented
in the sixth row of Fig. 2(a) for three different values of
temperature, 100 (blue), 300 (green), and 600 K (red).
The power factor is enhanced with increasing temperature
since the Seebeck coefficient is directly proportional with
temperature, S ∼ T [44]. The power factor is found to
be w 2.5 × 1010 WK−2m−1 for 600 K around the Fermi
energy. The zero value of power factor at the Fermi energy
is expected because the Seebeck coefficient is zero at the
Fermi energy.
We start with the concentration ratio of 12.5% where a
single B- or N-atom is doped into a para-position of the
super-cell of the graphene nanosheet shown in Fig. 2 for B-
doped graphene (BG) in column b and N-doped graphene
(NG) in column c. Although the B and the N atoms are
expected to behave like p-type (or acceptor) and n-type
(or donor) dopants, respectively, we observe a local deple-
tion of the electron distribution around the B atom, and
a local excess around the N atom, as shown in the second
row of Fig. 2. These results are consistent with other cal-
culations [45]. Although, the atomic radius decreases and
the electronegativity increases in the sequence of B > C
> N, the average bond lengths of C-B is 1.494 A˚ which is
larger than that of C-N, 1.405 A˚, respectively.
In the doped structure, it is important to see the most
energetic stable structure. To check the energetic stabil-
ity of doped graphene we need to calculate the formation
energy (Ef ) via
Ef = ET −NC µC −
∑
i
Ni µi. (2)
Herein, ET is the total energy of the doped graphene sys-
tem, NC, and µC refer to the number and chemical po-
tential of the carbon atoms, respectively, and Ni and µi
are the number and chemical potential of the doped atoms
in the graphene nanosheet, respectively. From the forma-
tion energy equation, we find that the formation energy
of BG is −27.309 eV which is larger than that of NG,
−30.936 eV. The smaller formation energy, the more ener-
getic stable the structure should be observed to be. As a
result, the NG is more energetic stable than the BG system
[46, 47]. We should remember that the formation energy
is obtained from total energy calculations and does not
take into account dynamic terms. The phonon dispersion
delivers information about the dynamic stability, and the
phonon dispersion of NG (see Fig. 2(c3)) demonstrates a
structure less stable dynamically, when compared to pure
and B-doped graphene because of a negativity in the out-
of acoustic plane mode (ZA). In addition, the acoustic
modes are anisotropic in the xy plane indicating a sym-
metry breaking of the two different sites by the B- and
N-atoms.
The corresponding band structures are shown in the
fourth row of Fig. 2, where the valence bands cross the
Fermi energy and open up the bandgap in the BG (b3)
3
while the conduction bands cross the Fermi energy open-
ing the bandgap in the NG (c3) with almost the same
bandgap, Eg w 0.65 eV. The crossing of the Fermi en-
ergy in both structures is expected because the B(N) atom
has an electron less(more) than the C atom, respectively.
A downward- or an upward-shift of the Fermi energy is
thus seen in their band structures. These changes in the
band structure are related to the symmetry breaking of
the graphene structure due to the B- or N-doped atom.
This can be seen from the wave functions of the pi and pi∗
bands which are predominantly composed of atomic or-
bitals with an orientation perpendicular to the xy-plane,
i.e. pz orbitals. It is known that the pi-band wave function
is predominantly located at the N atom and the pi∗-band
wave function at the B atom; this is because of the higher
electronegativity of an N atom. Therefore, it is the strong
difference in electronegativity between B or N and C atoms
that leads to the band gap [48].
The upward- and downward-shift of the band structure
and the opening of a bandgap lead to the zero value of
the DOS around 2 eV and −2 eV in both the BG and
NG, respectively, as is displayed in the fifth row. The
crossing of valence bands in BG and conduction bands in
NG increases the power factor of the system to almost 2.5
times larger than that of the pristine graphene [see Fig.
2(b6)(c6)]. This enhancement refers to the increase of the
Seebeck coefficient in both systems. We note that both B
and N doped graphene have almost the same power factor
because both structures have almost the same bandgap
and the valence and conduction bands are shifted by the
same amount of energy.
The mechanical characteristic of PG, BG and NG have
been studied by performing uniaxial tensile simulation
[42]. Results for the uniaxial stress found from DFT cal-
culations of the PG, BG, and NG sheets along x- (a) and
y-axis (b) are compared in Fig. 3. The elastic moduli of PG
in the x-direction is higher than that of y-direction which
is similar to elastic moduli found by Dewapriya, and et.
al. [49] for PG. The linear elastic region along the x- and
y-axis is similar for PG and NG indicating isotropic elastic
response but for BG the elastic region is anisotropic char-
acter. Furthermore, the elastic moduli of PG is high in
x-axis, 170 GPa, and y-axis, 140 GPa, comparing to BG
and NG. This is attributed due to the stronger and larger
binding energy of a C-C bond than a C-B or a C-N bond.
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Figure 3: Uniaxial stress-strain of PG (olive green), BG (purple),
and (blue) monolayers along x-axis (Zigzag) and y-axis (Armchair).
We emphasize that the position of an N- or a B-atom
in the graphene structure does not influence the physical
characteristics of the system in the case of a single B or N
doped atom in a honeycomb structure. It means that if the
N- or B-atom is substitutionally doped into the ortho or
meta position, similar qualitative and quantitative results
are obtained (not shown).
The doping ratio can be further increased to 25% which
leads to two atoms in the 2×2×1 super-cell. For simplic-
ity, we show only two B-atoms doped into the graphene
structure as is shown Fig. 4 where the two B-atoms are
doped into the ortho and para (a1), meta and para (b1),
and ortho and meta (c1) positions.
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Figure 4: First row shows the super-cell of nonb-BG (a1), b-BG-1
(b1), and b-BG-2 (c1). The second row indicates the charge density
distribution of the ortho-para (a2), meta-para (b2), and ortho-meta
(c2) two B-atoms doped graphene structure. Third row demonstrates
the band structure of ortho-para (a3), meta-para (b3), and ortho-
meta (c3) two B-atoms doped graphene structure. The fourth row
displays the power factor of ortho-para (a4), meta-para (b4), and
ortho-meta (c4) two B-atoms doped graphene structure for three
different values of temperatures, 100 (blue), 300 (green), and 600 K
(red).
These three structures can be classified as the bonding
and the non-bonding B-atoms, where bonding B-doped
graphene means that the B atoms make bonding between
themselves, but in the non-bonding B doped graphene
there is no B-B bonding. For example, the two B-atoms
doped at the ortho-para positions is called non-bonding B-
doped graphene (nonb-BG) while the other two structures
are called bonding B-doped graphene (b-BG). We identify
the b-BG as b-BG-1 and b-BG-2 which refer to the two
4
B-atoms doped at meta-para and ortho-meta position, re-
spectively.
In general, a structure with a high doping ratio is less
energetically and dynamically stable than one with a low
doping concentration [50, 51]. The BG with two B-atoms
is also less stable compared to the BG with one B-atom,
because the formation energy of the BG with two B-atoms
is larger than that of BG with one B-atom and negativity
is seen in phonon dispersion in the case of two B atoms
doped graphene (not shown) [51]. It shows that the two
B atoms doped graphene is dynamically less stable than
that of one B atom doped graphene.
In addition, we emphasize that the position of the B-
doped atoms with high concentration ratio in the honey-
comb structure of graphene influences its energetic and
dynamic stability. For instance, the formation energy of
the ortho-para BG forming nonb-BG (a1) is −22.904 eV
which is a slightly smaller than that of the meta-para posi-
tion in b-BG-1 (a2), −22.328 eV, and ortho-meta postion
in b-BG-2 (a3), −22.328 eV. We can thus confirm that the
nonb-BG is the most energetic stable structure. Further-
more, the negativity of phonon dispersion for the nonb-BG
is less than that of b-BG. We can thus say that the nonb-
BG is dynamically more stable than b-BG (not shown).
The interaction energy should be taken into account in
the case of nonb-BG and b-BG structures, and one can
calculate the interaction energy between the doped atoms
using [52]
∆Eint = ET(pg) + ET(2B)− 2× ET(1B), (3)
where ET(pg) is the total energy of the pristine graphene,
and ET(1B) and ET(2B) are the total energies of the BG
with one atom and two B-atoms, respectively. The nega-
tive (positive) sign of the interaction energy displays that
the two B-atoms attract (repel) each other, respectively
[52]. The interaction energy between the two B-atoms in
the nonb-BG (a1) is −0.201 eV indicating an attractive in-
teraction, while the interaction energies of the b-BG with
two B-atoms (b1) and (c1) are equal to 0.374 eV demon-
strating the repulsive force between the two B-atoms. The
repulsive interaction increases the bonding length of B-B
atoms, comparing to the C-C bonding length, which is
1.6303 A˚. The repelling of two B atoms in b-BG confirms
the weaker B-B bond comparing to the B-C bond in nonb-
BG. This effect can be seen in the electron charge distribu-
tion shown in the second row of Fig. 4, where the charge
distribution between the covalent bond of B-B atoms is
weaker than that of the C-B bond.
The attractive interaction between the B atoms in the
nonb-BG leads to the average C-B bonding length of 1.528
A˚ and the bandgap is thus further opened up to 1.27 eV
(a3). It has been shown in the literature that with increas-
ing concentration ratio, the bandgap is also increased [53].
Our results of BG with two B-atoms confirm that not only
the concentration ratio can increase the bandgap but also
the position of doped atoms play a major role in the deter-
mination of the bandgap. For example, the bandgap of the
b-BG-1 and b-BG-2 is 0.309 eV (b3), and 0.112 eV (c3),
respectively. It is decreased compared to the BG with one
B-atom. This is attributed to the repulsive interaction be-
tween the B-atoms. As a result, the power factor is further
enhanced in the nonb-BG (a4) while it is decreased for the
b-BG-1 and b-bG-2 shown in (b4) and (c4) compared to
the BG with one B-atom.
We note that the same scenario of the BG with two B-
atoms happens for the NG with two N-atoms except that
the Fermi energy crosses the conduction band. Therefore,
we do not present the results of NG with two N-atoms.
In addition, our results of two bonded and non-bonded B
atoms in graphene structure can be applied if the two B
atoms are located at different isomer positions. It means
that if the two B-atoms are located at para-para psoition,
different result should be obtained.
The doping concentration ratio is now increased to
37.5%, which can be realized by three B- or N-atoms doped
into the honeycomb structure of graphene. For saving
space, we only present the results of three B-atoms doped
into the ortho-ortho-para positions (a1) forming nonb-BG
, and the meta-meta-para (b1), and the ortho-meta-para
positions (c1) identifying as b-BG-1 and b-BG-2, respec-
tively, as is shown in the first row of Fig. 5.
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Figure 5: First row shows the super-cell of three B-atoms doped into
ortho-ortho-para (a1), nonb-BG, meta-meta-para (b1), b-BG-1, and
ortho-meta-para (c1), b-BG-2, positions of the graphene structure.
The second and third rows indicate the charge density distribution
and the band structures, respectively. The fourth row display the
power factor for three different values of temperatures, 100 (blue),
300 (green), and 600 K (red).
5
The formation energy of all three cases shown in the first
row of Fig. 5 is almost the same which is equal to −18.365
eV indicating a less stable energetic structure compared
to the BG with one- and two B-atoms. But the formation
energy of NG with three N-atoms is −28.198 eV which is
much smaller than that of the BG with three B-atoms.
As a result, NG is much more energetic stable than BG.
In addition, the negativity in the phonon dispersion is in-
creased in BG with three B-atoms compared to BG with
two B-atoms indicating a less dynamical stable structure
(not shown).
The attractive force between the B atoms in the nonb-
BG is further increased leading to a larger bandgap Eg =
1.89 eV as is shown in Fig. 5 (a3), while the repulsive inter-
action between the B-atoms in both types of b-BG closes
the bandgap and causes an overlap of the valence and the
conduction bands [see (b3) and (c3)]. Consequently, the
power factor for the nonb-BG is still high but the overlap-
ping energies in the b-BG generate a lot of “noise” in the
power factor [see (b4) and (c4)] comparing to the nonb-BG
(a4).
3.2. Boron and Nitrogen codoped graphene structures
In this section we consider B- and N-codoped graphene
with a configuration of two or three doped atoms in the
honeycomb structure. In the case of two atoms configu-
ration consisting of one B and one N atom, there will be
three possible configurations which are: both B- and N-
atoms are substitutionally doped at ortho positions (a1)
showing non-bonding of B and N codoped graphene (nonb-
BNG-1), ortho-para positions (b1) indicating the (nonb-
BNG-2), and ortho-meta positions (c1) displaying bonded
B and N codoped graphene (b-BNG), as are shown in the
first row of Fig. 6. There are more configurations of the B
and N atoms in the graphene structure. For example: if
we exchange the position of B and N atoms in the struc-
ture shown in column (a), the physical properties should
be unchanged. Furthermore, if both B and N atoms are
put at meta-meta position, the physical characteristics will
be similar to the ortho-ortho position structure shown in
column (a). It has been shown that the nonb-BNG is an
effective catalyst compared to b-BNG for an oxygen reduc-
ing reaction in batteries [54, 55]. Here, we show that this
may not hold true for the application of thermal devices.
The nonb-BNG structures shown in (a1) and (b1) of Fig.
6 have almost the same formation energy, Ef = −28.024
eV, while the formation energy of the b-BNG presented in
(c1) is slightly lower, −29.238 eV. It indicates that the b-
BNG is the most energetically stable system among these
structures.
In both nonb-BNG and b-BNG structures, the N atom
attracts electrons and builds a high-electron region; while
the B atom loses electrons and generates a low-electron
region [see second row of Fig. 6]. But in the b-BNG, the
lone-pair electrons from the N atom are neutralized by the
vacant orbital of B atom, causing a high electron density
between the B-N bond (c2). This indicates a strong and
stiff covalent bond between the B and the N atoms com-
pared to the B-C and the B-N bonds.
The phonon dispersion of all three configurations is
shown in the third row. The positive value of the phonon
dispersion indicates a dynamical stability of the struc-
tures. The interaction of the B and the N atoms with
graphene structure results in pronounced changes in the
phonon spectrum compared to pristine graphene shown
in Fig. 2(a3). By introducing the BN domain in a
graphene nanosheet, it was found that the electron states
in graphene referring to the pi-electrons are sensitive for
the redistribution of charge in graphene due to B and N
atoms. This redistribution of electron charge breaks the lo-
cal symmetry of graphene which is the main reason for the
opening of a bandgap. Furthermore, the Coulomb dipole
from the B and the N atoms breaks the symmetry of the
graphene structure leading to the bandgap opening [26].
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Figure 6: First row indicates the super-cells with B and N codoped
graphene at ortho positions (a1) identifying as (nonb-BNG-1), ortho-
para positions (b1) with (nonb-BNG-2), and ortho-meta positions
(c1) having (b-BNG), respectively. The second row indicates the
corresponding charge density distribution, the third row shows the
phonon dispersion, and the fourth row demonstrates the band struc-
ture of the systems. The fifth row display the power factor for three
different values of temperatures, 100 (blue), 300 (green), and 600 K
(red).
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The strong attractive interaction between the B and N
in the b-BNG opens up a bandgap to 1.199 eV (c4) while
the attractive interaction in nonb-BNG is weak leading to
a small bandgap [see (a4) and (b4)]. The localized electron
between the B-N bonds and the large bandgap in the b-
BNG cause a weak contribution of the pi electrons to the
transport leading to decrease in the electric conductivity
and an increase in the Seebeck coefficient. As a result,
the power factor for b-BNG is increased compared to the
nonb-BNG structure shown in the fifth row of Fig. 6.
We notice that if the position of dopant atoms is ex-
changed but the bonding and non-bonding between the
doped atoms are kept, the same results should be obtained.
For example, exchanging the position of N and B atoms at
ortho positions (a1), meta-position (b1), and ortho-meta
position (c1) in Fig. 6 should not change the results of
band structure and power factor.
The stress-strain curves of nonb-BNG and b-BNG are
shown in Fig. 7, where the stress is assumed to be along the
x-axis (a) and y-axis (b) of the structures. The comparison
of the stress-strain relations along the x-axis, zigzag, and
y-axis, armchair, shows that the stress of the armchair
sheet is 6% larger than that of the zigzag sheet for the
b-BNG (red color). Their failure strains are also different
with 0.15 for the zigzag, and 0.11 for the armchair. This
is attributed to the B-N bond in the armchair direction
which is stronger than the B-C and the N-C bonds along
the zigzag direction. On the other hand, in the nonb-BNG
structures (orange and purple color), the zigzag sheet is
stronger than the armchair sheet. In the nonb-BNG-1,
the zigzag sheet has stress 129.58 GPa at strain 0.148
which is larger than that of the armchair sheet of 98 GPa
at strain 0.074 (orange color), while in nonb-BNG-2 the
stress of zigzag sheet is 15% larger than that of armchair
sheet but with different frailer strain (purple color) [49].
We can conclude that the stress of the nonb-BNG and the
b-BNG is almost the same in the zigzag sheet, while the
stress of the b-BNG in armchair sheet is higher than that
of the nonb-BNG.
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Figure 7: Uniaxial stress-strain of nonb-BNG-1 (orange), nonb-BNG-
2 (purple), and b-BNG (red) monolayers along x-axis, Zigzag, (a) and
y-axis, Armchair, (b).
We further increase the doping ratio to 37.5% in which
the structures consist of a codoped graphene nanosheet
with one B and two N atoms shown in Fig. 8. The configu-
ration of doped atoms are: two N atoms at ortho-positions
and a single B atom at a para-position (a1) indicating an
(nonb-BNG), two N atoms at meta-positions and a single
B atom at a para-position (b1) identifying as (nonb-BNG-
1), and two N atoms at ortho-para positions and one B
atom at a meta position (c1), showing as (b-BNG-2). The
formation energy of the nonb-BNG structure is found to
be −26.949 eV which is smaller than that of the b-BNG,
−29.27 eV, demonstrating that the nonb-BNG is more en-
ergetically stable than the b-BNG. The phonon dispersion
of these three structures shows that the b-BNG structures
is dynamically stable but the the non-BNG structure is
less stable (not shown).
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Figure 8: First row demonstrates the super-cell structure of one
B-atom at para position and two N-atoms at ortho positions (a1)
having nonb-BNG, one B-atom at para position and two N-atoms
at meta meta positions (b1) demonstrating as b-BNG-1, and one
B atom at meta position and two N atoms at ortho-para position
(c1), respectively, indicating b-BNG-2. The second row indicates the
corresponding charge density distribution and the third row demon-
strates the band structure of the systems. The fourth row display the
power factor for three different values of temperatures, 100 (blue),
300 (green), and 600 K (red).
In the second row of Fig. 8, the corresponding electron
density distribution of the first row are shown, where a
high electron density between N-B bonds are found in the
b-BNG-1 and b-BNG-2 [see (b2) and (c2)]. The “strong”
attractive interaction between the B and N atoms in the
b-BNG structures causes wide bandgaps which are 1.65
and 1.75 eV for the b-BNG with the meta-para and ortho-
meta-para configurations of doped atoms shown in (b3)
and (c3), respectively. But the bandgap of nonb-BNG is
much smaller, 0.605 eV, due to a weak attractive interac-
tion (a3). In addition, since the number of N atoms is twice
that of B atoms in the graphene sheets, the downward-shift
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in band structure is seen due to the predominant ratio of
N atoms. Consequently, the power factor of the b-BNG is
higher than that of the nonb-BNG, as is presented in the
fourth row of Fig. 8.
Finally, we present the case of two atoms of B and N
doped in a 4×4×1 super-cell consisting of 32 atoms (see
Fig. 9) with the same B and N atom configuration as pre-
sented in Fig. 6. Our aim here is to show that our previous
results in a 2×2×1 super-cell can be generalized to a larger
super-cell. It can be clearly seen that the band structure of
all three atomic configurations are qualitatively similar to
Fig. 6 except the band gap here is smaller which is due to
the low concentration ratio (6.25%) of doped atoms. Since
the band gap of the b-BNG structure (Fig. 9(c3)) is larger
than that of the nonb-BNG, we thus expect to have higher
power factor in a b-BNG. The same qualitative result was
obtained for 2×2×1.
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Figure 9: First row indicates the 4× 4× 1 super-cells with B and N
codoped graphene at the same configuration of doped atoms shown in
Fig. 6 which are ortho positions (a1) showing nonb-BNG, ortho-para
positions (b1) with nonb-BNG, and ortho-meta positions (c1) having
b-BNG, respectively. The second row indicates the corresponding
charge density distribution and the third row demonstrates the band
structure of the systems. The fourth row display the power factor
for three different values of temperatures, 100 (blue), 300 (green),
and 600 K (red).
4. Conclusions
We have studied the stability, the electronic struc-
ture, and the thermal properties of the B and N doped
and codoped graphene nanosheets using DFT calcula-
tions. Using the the PAW potentials and the Perdew-
Burke-Ernzerhof exchange and correlation functionals of
the generalized gradient approximation, one can calculate
the electronic properties of the system by a SCF Kohn-
Sham equation. We observe that a bandgap is opened
up for the Boron- or Nitrogen-doped graphene due to the
symmetry breaking of the doping atoms. As a result,
the power factor representing the thermal efficiency of the
system is enhanced. Increasing the doping ratio, the at-
tractive interactions between the non-bonding atoms in-
crease the bandgap, and the power factor is thus further
enhanced. On the other hand, the repulsive interaction be-
tween bonded atoms decreases the bandgap and the power
factor, likewise.
In the B and the N codoped graphene, the non-bonding
of the doped atoms forms a weak attractive interaction
between the atoms leading to a small bandgap, and corre-
spondingly the power factor is decreased. But in the case
of bonded B and N atoms, the attractive interaction is
strong and the power factor is enhanced.
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